Objectives: Blood culture contamination is a common problem in the emergency department (ED) that leads to unnecessary patient morbidity and health care costs. The study objective was to develop and evaluate the effectiveness of a quality improvement (QI) intervention for reducing blood culture contamination in an ED.
T he blood culture is an essential tool for diagnosing bloodstream infections and guiding antibiotic therapy. 1 However, false-positive blood cultures due to specimen contamination with skin bacteria are a common problem that leads to unnecessary patient morbidity, increased hospital costs, and health care system inefficiencies. [2] [3] [4] [5] [6] [7] [8] Patients who have contaminated cultures undergo unneeded emergency department (ED) visits, hospitalizations, antibiotic treatments, laboratory tests, and invasive procedures. [2] [3] [4] [5] [6] [7] [8] On average, each contaminated culture results in several thousands of dollars in extra hospital charges that would have been avoided if cultures had not been contaminated. [2] [3] [4] 6 The Clinical and Laboratory Standards Institute recommends each health care institution maintain a contamination rate less than 3%. 9 Emergency departments are systems particularly susceptible to a high burden of contaminated blood cultures due to high staff turnover, the need to collect cultures in critically ill patients prior to resuscitation, and the time pressure of obtaining cultures before the first dose of antibiotics. [10] [11] [12] [13] Historically, blood culture contamination was a significant problem in our university-affiliated, tertiary care adult hospital, with contamination rates consistently higher than the 3% benchmark. Therefore, in August 2009, we developed an interdisciplinary task force with the aim of reducing the blood culture contamination rate in our ED to less than 3% and sustaining this low rate. The task force included an emergency physician champion, an ED nurse champion, the chief hospital epidemiologist, ED administrators, ED nursing leadership, microbiology laboratory personnel, and infection control personnel. The objectives of this study were to describe the quality improvement (QI) intervention developed by the task force and evaluate its effectiveness for reducing blood culture contamination in our ED.
METHODS

Study Design
This study included two components: 1) development and implementation of a QI intervention to reduce blood culture contamination in the ED and 2) evaluation of the effectiveness of this intervention. The intervention was developed through QI methodologies, including process mapping, fishbone diagramming, and plando-study-act cycles. 14, 15 Intervention effectiveness was evaluated using an interrupted time series analysis comparing contamination rates prior to and after implementation of the intervention. 16, 17 The local institutional review board approved this study with waiver of informed consent. Research funding was provided by the Society for Academic Emergency Medicine, the Emergency Medicine Patient Safety Foundation and the Veterans Affairs Quality Scholars Program; these funding sources had no role in conduct of the study or interpretation of its results.
Study Setting and Population
The study was conducted in a single ED at a universityaffiliated, tertiary care adult hospital in the United States with approximately 55,000 patient visits per year.
Study Protocol
During August 2009 through December 2009, the task force studied the process of blood culture collection in our ED through structured interviews, surveys, and direct observation. We found that many factors contributed to the high contamination rate ( Figure 1 ) and iden- Figure 1 . Fishbone diagram outlining factors the task force identified as contributors to a high ED blood culture contamination rate. CVC = central venous catheter; PIV = peripheral intravenous catheter.
tified the technique used to collect blood from a patient's vein as the key step to target for improvement efforts. All of the cultures were collected by ED nurses and paramedics. No standardized technique for blood culture collection had been instituted, and there was significant variation in practice. Many staff members stated that they collected cultures using a method their preceptors taught them during orientation in the first weeks after joining the ED staff. Fully sterile technique was not used by any of the nurses or paramedics when collecting cultures. Instead, the traditional clean technique was employed, which included use of nonsterile gloves, a 0.67-mL solution of 2% chlorhexidine gluconate/70% isopropyl alcohol for skin antisepsis, and no well-defined sterile fields. As outlined in our process map (Figure 2A ), this clean technique frequently led to breaches in sterility with the potential to introduce contamination.
Guided by these findings, we developed the sterile blood culture intervention to convert blood culture collection from a clean to a sterile procedure. The intervention consisted of three components: 1) the sterile blood culture kit-a new materials kit containing the equipment needed to collect a culture using strict sterile technique, 2) a checklist designed for use at the time of culture collection that outlined the optimal technique for using the sterile kits, and 3) a policy change to standardize blood culture collection technique to a sterile procedure with use of the sterile kits.
The sterile blood culture kit was modeled after a typical lumbar puncture kit and designed to promote sterility during culture collection by consolidating necessary materials into a single, easy-to-use packet. In an iterative process, task force members demonstrated kit prototypes to ED nurses and paramedics and modified its contents based on feedback. For example, the kit was designed to be used with sterile gloves, but sterile gloves were not included in the final kit because ED staff indicated they preferred to use individually sized gloves available at the bedside rather than "one-sizefits-all" gloves packaged inside the kit. In December 2009, further demonstrations of the modified kit did not result in significant suggestions for change and the contents were finalized: 3 mL of 2% chlorhexidine gluconate/70% isopropyl alcohol (Chloraprep) skin antiseptic device (CareFusion, San Diego, CA), 18 9 26-in. fenestrated drape, 21-gauge "butterfly" needle with a closed tubing system, gauze, 10-mL syringe for initiating blood flow through the tubing when needed, and two 70% isopropyl alcohol pads for cleansing the tops of blood culture bottles (Kendall, Deerfield Beach, FL). We designed a standardized process to use the sterile blood culture kit to collect a blood sample ( Figure 2B ). Each kit contained a checklist outlining this process for optimal kit use ( Figure 3) . We introduced the kit to Medical Action Industries (Brentwood, NY) for packaging and distribution.
Intervention Implementation
In December 2009 and January 2010, task force members, with the assistance of ED nursing educators, trained the ED staff how to use the sterile blood culture kit with hands-on educational sessions, which were standardized by using an internet training video and a scripted curriculum. Additionally, we presented data to the staff demonstrating the negative consequences of contaminated blood cultures and emphasized the departmental goal of maintaining a contamination rate less than 3%.
The ED adopted a policy stating that the standard first attempt for collecting blood cultures was by dedicated peripheral venipuncture using the kit. This policy was endorsed by departmental physician and nursing leadership. If a blood culture specimen could not be obtained by dedicated venipuncture using a kit, alternative methods for collection could be attempted based on the bedside nurse's judgment.
On January 31, 2010, the intervention was introduced; kits were stocked in each ED treatment room, and the new blood culture collection policy was instituted. The 4 weeks following introduction of the intervention, January 31, 2010, to February 27, 2010, was considered an implementation phase for the sterile collection technique to be incorporated into daily practice. During this implementation phase, task force members regularly met with the ED staff at shift-change meetings to reinforce sterile technique, elicit feedback on the program, and review contamination rates. On February 28, 2010, the intervention was considered fully implemented, and the sterile blood culture kits were stocked in ED treatment rooms as a component of routine ED resupplying.
Intervention Effectiveness
A blood culture was classified as contaminated if one or more of the following organisms grew in only one culture of a series of blood cultures collected within 24 hours: Aerococcus species, a-hemolytic Streptococcus, Bacillus species except anthracis, coagulasenegative Staphylococcus species except lugdunensis, Corynebacterium species, Micrococcus species, and Propionibacterium species. 1, 18 All positive cultures not classified as contaminated were considered true-positives.
We measured the effectiveness of the sterile blood culture intervention to reduce contamination using an interrupted time series design 16, 17 and segmented linear regression analysis. 19 This is a robust technique to evaluate the immediate and sustained effect of a change in health care delivery, such as a policy change or QI intervention. 19 The percentage of blood cultures contaminated during a 48-week baseline period prior to implementation (March 1, 2009, to January 30, 2010) was compared to a 48-week intervention period after implementation (February 28, 2010, to January 29, 2011). The 4-week implementation phase (January 31, 2010, to February 27, 2010) was considered a transition period and not included in comparisons of the baseline and intervention periods. In a before-after comparison, the percentage of cultures contaminated during the baseline and intervention periods were compared using the chi-square test.
Next, we built a segmented linear regression model by dividing the study period into 2-week intervals, with the baseline and intervention periods each containing 24 time points. The dependent variable for the model was the log-transformed percentage of cultures contaminated during biweekly intervals; these data were log-transformed to stabilize variances. Independent variables included terms for intervention implementation and secular trends during the baseline and intervention periods. Due to the time series nature of the data and the potential for autocorrelation (the tendency for error terms of data points to be correlated due to their temporal relationships), an autoregressive integrated moving average (ARIMA) model with correction for first-order autocorrelation was fit to the data. 20 Figure 2. Process maps of blood culture collection methods during (A) the baseline period prior to implementation of the sterile blood culture intervention and (B) the intervention period after implementing the sterile blood culture intervention. Blood culture collection technique was not standardized during the baseline period; the method mapped represents the most common technique used. CVC = central venous catheter; PIV = peripheral intravenous catheter.
Robust standard errors were used to generate 95% confidence intervals (CIs) for independent variables, while allowing individual patients to contribute more than one blood culture specimen. Additional details about this model are available in Data Supplement S1 (available as supporting information in the online version of this paper).
Using time-series forecasting, 20 we projected the baseline period secular trend into the intervention period to estimate expected contamination rates if the intervention had not been implemented. By comparing these forecasted estimates to the observed data after the intervention, we evaluated the effect of the intervention on the percentage of cultures contaminated. We quantified this impact during the first (February 28, 2010 to March 13, 2010) and last (January 16, 2011, to January 29, 2011) biweekly time intervals in the intervention period to measure the immediate effect of the intervention and its sustainability after 1 year, respectively.
The 48-week duration for the intervention period was chosen to test for sustained effectiveness of the intervention for a year after implementation (4-week implementation phase plus 48-week intervention period). Two-week intervals were chosen for the time-series analysis to allow for a sufficient number of data points for robust linear regression while maintaining an acceptable level of variability for the estimate at each time point; we followed the commonly used recommendation of at least 12 data points in each segment and at least 100 observations per data point. 19 For power calculations, we used historical data in our ED to estimate that 150 blood cultures per week would be collected and 4% would be contaminated during the baseline period. Using a type I error of 5% and the chisquare test, baseline and intervention periods of 48 weeks had 80% power to detect a 25% relative change in the percentage of blood cultures contaminated in the intervention period compared to the baseline period.
Unintended Adverse Consequences
During development of the intervention, task force members and ED leaders noted that if additional time were required to collect cultures using the new sterile technique, unintended delays in ED care could be caused by the intervention. Therefore, we measured the time delay between order entry for intravenous (IV) antibiotics and delivery of those antibiotics among patients who had blood cultures collected ("time-to-antibiotics"). We used time-to-antibiotics as a measure for the timeliness of ED care. Using electronic timestamps embedded within the hospital electronic medical records system, we calculated time-to-antibiotics by subtracting the time of computerized physician order entry for an IV antibiotic from the time an ED nurse electronically acknowledged the antibiotic began infusing. Using a segmented linear regression model similar to that described above, we compared time-to-antibiotics during the baseline and intervention periods. The dependent variable for this model was the median timeto-antibiotics during biweekly intervals.
Data Analysis
Statistical analyses were performed with Stata/IC 11.1 (StataCorp, College Station, TX). Two-sided p-values less than 0.05 were considered statistically significant.
RESULTS
During the 100-week study period, 14,475 blood cultures were collected from 5,681 unique patients. During the baseline period, 321 of 7,389 (4.3%) cultures were contaminated, compared to 111 of 6,590 (1.7%) during the intervention period (p < 0.001; Table 1 ).
In the blood culture contamination segmented regression model, the baseline period did not have a significant secular trend (b-coefficient = À0.005, 95% CI = À0.017 to 0.007, p = 0.43), while the intervention period had a slight trend toward higher contamination (b-coefficient = 0.025, 95% CI = 0.003 to 0.046, p = 0.024; Figure 4 ). After adjusting for baseline and intervention period secular trends, implementation of the sterile blood culture intervention was associated with an immediate absolute reduction in contamination of 2.9% (95% CI = 2.2% to 3.2%), representing a relative reduction of 71.7% (95% CI = 56.5% to 81.6%) compared to expected values. To evaluate the sustainability of the intervention effects, we first calculated expected contamination rates during the intervention period Figure 3 . Checklist outlining optimal technique for using the sterile blood culture kit to collect a blood culture specimen. Each kit contained a checklist.
assuming no intervention was implemented; this is displayed in Figure 4 on the dotted line projecting the baseline period trend into the intervention period. Compared to this expected rate, the intervention was associated with a 1.6% (95% CI = 0.3% to 2.3%) absolute and 44.0% (95% CI = 9.5% to 65.3%) relative reduction in contamination during the last time interval of the intervention period (January 16, 2011, to January 29, 2011). The goal of maintaining < 3% contamination during each biweekly interval in the intervention period was achieved (Figure 4) .
During the baseline period, there were 2,480 occurrences of a patient receiving IV antibiotics in the ED after a blood culture was collected; the median timeto-antibiotics was 49 minutes (interquartile range
[IQR] = 27 to 81 minutes; Table 1 ). During the intervention period, there were 3,265 occurrences of a patient receiving IV antibiotics after a blood culture, with a median time-to-antibiotics of 42 minutes (IQR = 24 to 72 minutes). In the time-to-antibiotics segmented regression model, the baseline period did not have a significant trend (b-coefficient = 0.13, 95% CI = À0.11 to 0.37, p = 0.30), while the intervention period exhibited a trend toward shorter time-to-antibiotics (b-coefficient = À0.33, 95% CI = À0.54 to -0.11, p = 0.003). After adjusting for secular trends, implementation of the sterile blood culture intervention was not associated with an immediate change in time-to-antibiotics (-2.9 minutes; 95% CI = À7.0 to 1.3 minutes). Due to the downward trend in time-to-antibiotics during the intervention period, observed times-to-antibiotics were significantly shorter than expected assuming no intervention implementation during the later weeks of the intervention period. For example, during the last time interval of the intervention period, the intervention was associated with a -13.4-minute (95% CI = À21.8 to -5.0 minutes) change in time-to-antibiotics.
DISCUSSION
We identified a high contamination rate among blood cultures collected in the adult ED at our hospital. We studied the process of blood culture collection and found inconsistent methods for culture collection with frequent breaches in aseptic technique. Therefore, we developed the sterile blood culture intervention to facilitate a standardized, sterile process for culture collection using chlorhexidine skin antisepsis, sterile gloves, sterile drapes, and checklists. Implementing the new process resulted in an immediate 2.9% absolute reduction in the percentage of cultures contaminated. Significant improvement was also sustained for a year following implementation. Furthermore, the new process of culture collection was not associated with delays in ED care, as measured by the time to delivery of IV antibiotics.
The sterile blood culture intervention was developed to overcome specific problems we faced in the process of blood culture collection. Our first improvement strategy involved spreading awareness about our local contamination problem and motivating the ED staff for change. At the beginning of the project, most of the ED staff were not aware of our serious contamination problem. Additionally, the ED staff was largely shielded from the negative consequences of contaminated blood cultures, such as increased hospital length of stay and unnecessary antibiotics, because these typically become apparent only after admission. We held regular meetings with the staff to discuss our contamination problem and emphasize the morbidity experienced by patients due to contaminated cultures. Stories of individual patients who the staff remembered and who suffered morbidity due to a contaminated culture seemed to have a large effect on motivating the staff for change. Our next strategy involved identifying specific causes of contamination in our setting. Again, the frontline nurses and paramedics were directly involved in this process and identified most of these problems while actively drawing a culture. We summarized these factors in a fishbone diagram ( Figure 1 ) and process map ( Figure 2A ) and classified each as "modifiable" (i.e., palpation of venipuncture site after skin antisepsis) or "not modifiable" (i.e., dehydrated, critically ill patient). Then, we brainstormed with nurses and infection control experts about potential methods to intervene on the modifiable contributors to contamination. With a high turnover in staff and variability in how staff members originally learned to perform blood culture collection, implementing standardized education was essential. We created a 10-minute internet video that reviewed the negative consequences of contaminated cultures and how to use the sterile blood culture kit to prevent contamination. At the time of implementation, each ED nurse and paramedic viewed this video and looked through a kit in a hands-on educational session. As new personnel joined the staff, they were trained on the blood culture technique by an ED nurse educator with the same materials.
Our nurses and paramedics found themselves frequently needing to repalpate venipuncture sites after applying antiseptic solution to locate veins and successfully draw blood. When evaluating the process map for culture collection (Figure 2A ), this step was repeatedly identified as a likely culprit for introducing contamination. We quickly found that discouraging repalpation was not a viable strategy, because our staff found this essential for routinely having success in obtaining blood samples. Therefore, we developed a technique that allowed for repalpation of veins, and even simultaneous palpation and venipuncture, without introducing contamination. This involved using a large volume of chlorhexidine solution (3 mL) for skin antisepsis, placement of a sterile fenestrated drape over the procedure site, and use of sterile gloves. [21] [22] [23] This allowed nurses and paramedics to widely palpate throughout their procedural fields to find an optimal location for venipuncture without introducing contaminants from the patient's adjacent skin, their own fingers, or venous catheters. 24 From a human factors perspective, 25 we believe the sterile blood culture kit was successful in reducing contamination by providing the optimal equipment for nurses and paramedics to use the most natural technique for finding a venipuncture site-feeling the target vein with the index finger of the nondominant hand while inserting a needle into the vein with the dominant hand ( Figure 2B) .
A key aspect of the sterile blood culture intervention was its sustained effectiveness over time. Several factors were incorporated into its design to facilitate sustainability. End-users of the intervention, including ED nurses and paramedics who collected blood cultures, were integrally involved in each step of its development and deployment. This likely not only led to a userfriendly intervention, but also greater investment in its success among its users, manifested by higher compliance with the new technique.
14 The intervention was carefully inserted into the normal flow of ED processes with the intention of not creating "extra work" for the nurses and paramedics. Training activities for the intervention were incorporated into existing educational time slots for the staff. The sterile blood culture kits were stocked in bedside cabinets in each ED room next to the blood culture bottles. Several staff members commented that picking up one kit from the bedside cabinet was more efficient than gathering several separate materials from different locations they had previously used to collect a culture; this may have contributed to the decreasing time-to-antibiotics observed during the intervention period. Finally, a paper checklist outlining the sterile collection technique was placed in each kit. These checklists served as ongoing reminders at the time of culture collection for the importance of maintaining sterility and how to use the kit. 26, 27 The combined cost of a sterile blood culture kit and pair of sterile gloves was $4.88, compared to approximately $2.00 for materials used to collect a culture by usual care during the baseline period. We estimated that the intervention led to approximately $19,000 in additional material expenses and 172 fewer contaminated cultures during the 48-week intervention period. Several previous studies have estimated increased hospital charges associated with a contaminated blood culture to be $4,000-$9,000. [2] [3] [4] 6 Based on these estimates, we believe that collecting blood cultures by sterile technique has the potential to significantly reduce net costs by reducing the number of contaminated cultures.
LIMITATIONS
We implemented the sterile blood culture intervention in an ED with a high baseline contamination rate compared to national medians and benchmarks and with strong administrative support for the improvement effort. 9, 18 The success of the intervention may not be generalizable to units with lower baseline contamination rates or those without supportive leadership. We found no evidence to suggest that the intervention resulted in delays in the administration of antibiotics. However, other unmeasured adverse consequences were possible; these potentially included patient dissatisfaction with a greater number of venipunctures due to cultures not being obtained through preexisting vascular catheters. The intervention involved simultaneously changing several aspects of the blood culture collection process.
Using this design, only the net effect resulting from all the changes could be evaluated; independent contributions of individual components of the bundle were not measured. During the intervention period, if multiple attempts at dedicated venipuncture using a kit failed to obtain blood, nurses and paramedics had the option of using an alternative collection method, such as sampling from an existing catheter. We did not measure the frequency with which alternative methods were needed. We used a series definition of contamination, with cultures classified as contaminated if only one culture within a 24-hour period grew the same skin contaminant organism. This definition is commonly used for calculating contamination rates, 18 but may overestimate or underestimate true rates. The same definition of contamination was consistently used throughout the baseline and intervention periods, minimizing the risk that the definition of contamination affected the change in contamination rates observed.
CONCLUSIONS
Using a quality improvement approach, we developed a new process for blood culture collection emphasizing strict attention to sterile technique with standardized use of chlorhexidine skin antisepsis, sterile gloves, sterile fields, and a procedural checklist. Implementing this intervention in a university-affiliated adult ED with a high baseline contamination rate resulted in an immediate and sustained reduction in blood culture contamination below the 3% benchmark. If these results are replicated in other EDs, sterile technique for blood culture collection using a standardized kit could be a key strategy to reducing the burden of blood culture contamination nationally. Future work will investigate the effectiveness of this intervention in other settings, including pediatric units, community hospitals, and sites with lower baseline contamination rates.
